Simulations of drift resistive ballooning L-mode turbulence in the edge plasma of the DIII-D tokamaka) Phys. Plasmas 20, 055906 (2013) A low amplitude ͑␦b r / B T = 1 part in 5000͒ edge resonant magnetic field perturbation with toroidal mode number n = 3 and poloidal mode numbers between 8 and 15 has been used to suppress most large type I edge localized modes ͑ELMs͒ without degrading core plasma confinement. ELMs have been suppressed for periods of up to 8.6 energy confinement times when the edge safety factor q 95 is between 3.5 and 4. The large ELMs are replaced by packets of events ͑possibly type II ELMs͒ with small amplitude, narrow radial extent, and a higher level of magnetic field and density fluctuations, creating a duty cycle with long "active" intervals of high transport and short "quiet" intervals of low transport. The increased transport associated with these events is less impulsive and slows the recovery of the pedestal profiles to the values reached just before the large ELMs without the n = 3 perturbation. Changing the toroidal phase of the perturbation by 60°with respect to the best ELM suppression case reduces the ELM amplitude and frequency by factors of 2-3 in the divertor, produces a more stochastic response in the H-mode pedestal profiles, and displays similar increases in small scale events, although significant numbers of large ELMs survive. In contrast to the best ELM suppression case where the type I ELMs are also suppressed on the outboard midplane, the midplane recycling increases until individual ELMs are no longer discernable. The ELM response depends on the toroidal phase of the applied perturbation because intrinsic error fields make the target plasma nonaxisymmetric, and suggests that at least some of the variation in ELM behavior in a single device or among different devices is due to differences in the intrinsic error fields in these devices. These results indicate that ELMs can be suppressed by small edge resonant magnetic field perturbations. Extrapolation to next-step burning plasma devices will require extending the regime of operation to lower collisionality and understanding the physical mechanism responsible for the ELM suppression.
A low amplitude ͑␦b r / B T = 1 part in 5000͒ edge resonant magnetic field perturbation with toroidal mode number n = 3 and poloidal mode numbers between 8 and 15 has been used to suppress most large type I edge localized modes ͑ELMs͒ without degrading core plasma confinement. ELMs have been suppressed for periods of up to 8.6 energy confinement times when the edge safety factor q 95 is between 3.5 and 4. The large ELMs are replaced by packets of events ͑possibly type II ELMs͒ with small amplitude, narrow radial extent, and a higher level of magnetic field and density fluctuations, creating a duty cycle with long "active" intervals of high transport and short "quiet" intervals of low transport. The increased transport associated with these events is less impulsive and slows the recovery of the pedestal profiles to the values reached just before the large ELMs without the n = 3 perturbation. Changing the toroidal phase of the perturbation by 60°with respect to the best ELM suppression case reduces the ELM amplitude and frequency by factors of 2-3 in the divertor, produces a more stochastic response in the H-mode pedestal profiles, and displays similar increases in small scale events, although significant numbers of large ELMs survive. In contrast to the best ELM suppression case where the type I ELMs are also suppressed on the outboard midplane, the midplane recycling increases until individual ELMs are no longer discernable. The ELM response depends on the toroidal phase of the applied perturbation because intrinsic error fields make the target plasma nonaxisymmetric, and suggests that at least some of the variation in ELM behavior in a single device or among different devices is due to differences in the intrinsic error fields in these devices. These results indicate that ELMs can be suppressed by small edge resonant magnetic field perturbations. Extrapolation to next-step burning plasma devices will require extending the regime of operation to lower collisionality and understanding the physical mechanism responsible for the ELM suppression. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1888705͔
I. INTRODUCTION
In fusion plasmas, the fusion power production and the plasma edge conditions ͑the height of the electron temperature pedestal T e ped ͒ are tightly coupled, requiring operation with steep edge pressure gradients that produce large, repetitive magnetohydrodynamic ͑MHD͒ instabilities known as edge localized modes ͑ELMs͒.
1 These ELMs cause large, fast heat and particle impulses to the divertor target plates that can exceed the transient thermal capacity of the target plates and limit the divertor lifetime. 2 In the International Thermonuclear Experimental Reactor ͑ITER͒, 3 for example, operation with the planned fusion power gain Q fus ജ 10, where Q fus is the ratio of fusion power production to input power, will require a high confinement mode ͑H mode͒ T e ped ജ 4 keV. The stored energy released by an ELM, ⌬W ELM , as a fraction of the stored energy in the H-mode pedestal W ped increases with higher edge electron temperature T e ped and lower collisionality in present devices. Consequently, an ELM in ITER is predicted to release up to 20% of the stored energy in the pedestal W ped to the plasma-facing components, 4 where it will exceed the ablation limit for graphite by a factor of 2-4. 5 This erosion limits the divertor lifetime, contaminates the core plasma, and leads to increased tritium inventory on the plasma-facing surfaces 
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when the eroded material is codeposited with hydrogenic species. 6 The ELMs, however, have beneficial effects, including the transport of fuel and impurity particles across the boundary in H mode, providing a mechanism for steady-state, high performance operation with density control and reduced core impurity content. Therefore, any technique to eliminate large ELM impulses must maintain the H-mode edge pedestal conditions while replacing the ELM-induced transport with another, less impulsive transport process. The development of techniques and operational scenarios which significantly reduce or eliminate the impulsive loading to the divertor targets from large ELMs appears to be essential for long pulse burning plasma experiments. Consequently, the fusion community has studied several different approaches to reducing the impulsive loading to the divertor target plates caused by ELMs, including shaping the plasma to obtain smaller amplitude ELMs ͑e.g., type II͒; 7 inducing ELMs before the edge pedestal stored energy W ped has reached the marginally stable level with external magnetic perturbations 8 or pellets, 9 and operation in steady-state regimes that are free of large ELM impulses, such as Quiescent H mode ͑QH mode͒ 10 and "enhanced Dalpha mode" ͑EDA H mode͒. 11 These latter two regimes rely on particle transport by electromagnetic modes ͑edge harmonic oscillation in QH mode; quasicoherent mode in EDA H-mode͒ located in the pedestal to maintain density control and to avoid impurity accumulation. These regimes, however, have operational aspects which may limit extrapolation to ITER, so development of an active control scenario that is more flexible would significantly improve the viability of a burning plasma experiment.
Because ELM behavior ͑amplitude, frequency, and energy impulse͒ is sensitive to MHD stability in the boundary, which in turn depends upon the edge pressure and current profiles, a boundary stochastic layer produced by an edge resonant radial magnetic field perturbation might provide a means for active control of ELMs and the H-mode pedestal. The stochastic layer would enhance the cross-field transport at the foot of the H-mode pedestal in order to hold the edge pressure gradient below the critical level for triggering the ELMs. 12, 13 In this paper, we report the results of using a small ͑0.02% of the equilibrium field͒ edge resonant magnetic field perturbation from MHD control coils inside the DIII-D vacuum vessel ͑the "I coils" 14 ͒ to control large ELMs in the DIII-D tokamak. We have identified two distinct operational regimes: one with an n = 3 perturbation with a toroidal phase relative to the intrinsic error fields for which the edge stochasticity is minimized, and large ELMs are suppressed for times as long as 8.6 E , where E is the energy confinement time, without any degradation in the core plasma confinement. 15 The second operational regime is obtained with a toroidal phase rotated 60°from the first case which displays significant reductions in the ELM amplitude and frequency, as well as a more stochastic boundarylike plasma response. Because a 60°degree phase shift of an n = 3 perturbation has no effect on an axisymmetric "target" plasma, these two regimes suggest the importance of small, intrinsic error fields on ELM dynamics in toroidal devices. In both regimes, the H-mode radial electric field well/transport barrier remains during the magnetic perturbation and the pressure at the top of the H-mode pedestal and the core confinement are essentially unchanged. These results demonstrate that stochastic boundary layers are compatible with H-mode plasmas and that an edge resonant magnetic perturbation can suppress ELMs without degrading the global particle and energy confinement.
This paper is organized as follows: In Sec. II, we describe the coil system used to apply the magnetic perturbation, and the ELMing H-mode discharges used for these experiments. In Sec. III, we present data documenting the ELM suppression result. In Sec. IV, we present measurements showing the changes induced in the H-mode pedestal which might affect the stability of the MHD modes associated with the ELMs. In Sec. V we present data on the changes to edge fluctuations and cross-field transport. In Secs. VI and VII we present the dependence of the ELM suppression on the tokamak discharge safety factor at the 95% poloidal magnetic flux surface, q 95 , and on the toroidal angle tor , of the applied perturbation, respectively. Finally, we present our conclusions and discuss the implications of these results in Sec. VIII.
II. EXPERIMENTAL APPROACH
The radial magnetic field perturbations in this experiment are produced by a set of MHD mode control coils located inside the DIII-D vacuum vessel, known as the I coil. 14 The I coil consists of 12 single-turn loops, six above and six below the midplane ͓Fig. 1͑a͔͒. Each loop is constructed in a window pane geometry and mounted behind protective graphite tiles on the low field side of the vacuum vessel. These coils provide a flexible system for applying edge resonant magnetic perturbations when the coils are connected to form a toroidal mode number n = 3 with a poloidal mode number m spectrum with significant amplitudes for 8 ഛ m ഛ 15. This perturbation can be applied with either of two toroidal phases shifted 60°with respect to each other and referred to in this paper as tor of 0°or 60°. Although the up/down symmetric coil pairs can be operated with the radial magnetic field in the same or opposite direction, which we refer to as "even" and "odd" parity, respectively, in this paper we consider only the odd parity case. In this configuration, the coils provide a relatively "clean" edge resonant perturbation at the q ജ 3 rational surfaces in the pedestal while hav- FIG. 1 . ͑Color online͒. ͑a͒ The DIII-D I-coil comprises six segments above the equatorial plane ͑upper͒ and six segments below the equatorial plane ͑lower͒ centered at 60°toroidal angle increments, starting at 30°. ͑b͒ The discharge shape used in these ELM suppression experiments.
ing a relatively small impact on the plasma core. 15 For most of these experiments, the DIII-D error field correction coil ͑ C coil͒ which is designed to minimize the impact of known field errors in the core 16 was not used because it is known to also perturb the magnetic field in the plasma boundary. 17 The maximum I-coil current used in these experiments was 4 -4.4 kA, 0.25% of the plasma current. This I-coil current gives radial perturbation field components ␦b r 3,m of 2 -3 G on rational surfaces in the pedestal ͑3 ഛ q ഛ 5͒, or about 1 part in 5000 of the torodial magnetic field. This I-coil current gives the best ELM suppression when q 95 = 3.7-3.8, and the perturbation is applied with an n = 3, odd parity, tor = 0°configuration. The field line integration code TRIP3D 17 predicts that the width of the edge layer where magnetic field lines are lost across the last closed flux surface by stochasticity ͑the "flux loss region"͒ increases from 2% due to measured error fields to 3% with the measured error fields and I-coil perturbation combined, indicating that the known error fields and the I-coil perturbation are comparable in magnitude. This low amplitude magnetic perturbation nevertheless alters the ELM behavior dramatically.
This n = 3 perturbation has no measurable effect on a wide range of low confinement mode ͑L mode͒ plasmas independent of parity or toroidal phase. However, the same perturbation routinely modifies ELM behavior ͑amplitude and frequency͒, although it does not always suppress large ELMs. Results with 2.2 and 4.4 kA of I-coil current and slow I-coil current ramps indicate that there is no sharp threshold in applied current for ELM modification as might be expected, e.g., for triggering an instability threshold or island overlap. These results suggest that the plasma response to the edge stochastic field ͑which is not modeled by field line integration codes such as TRIP3D͒ is important. Amplification of the I-coil "seed" perturbation may occur for plasmas near marginal stability, such as ELMing H-mode plasmas, as predicted by Boozer. 18 The discharges for these experiments had a weak updown asymmetric equilibrium biased downward by 2.0 cm, creating a primary X point in the lower divertor ͓Fig. 1͑b͔͒. Reproducible ELM suppression has been obtained in this shape with B T = 1.6 T and I p = 1.1 MA ͑q 95 = 3.8͒, with B T = 2.0 T and I p = 1.4 MA ͑q 95 = 3.8͒, and with B T = 2.0 T and I p = 1.1 MA ͑q 95 = 4.9͒. ELM suppression has also been obtained in the ITER scenario 2 shape. 15 Table I summarizes the discharge shaping and plasma parameters for the discharges reported on in this paper.
III. SUPPRESSION OF THE IMPULSIVE LOADING TO THE DIVERTOR TARGET
Application of an odd parity, tor =0°n =3 I-coil perturbation with a current of 4.4 kA during the flattop of a steadystate, high performance ELMing H-mode results in suppression of most large ELMs without any degradation in confinement, as shown in Fig. 2 . The suppression of large ELM impulses on the D ␣ recycling light from the lower, primary divertor ͓Fig. 2͑a͔͒ is compared to the ELMing behavior in an identical reference discharge except for an I-coil current of 0 kA ͓Fig. 2͑b͔͒. Several isolated large ELMs remain, as seen in Fig. 2͑a͒ . To date we have achieved ELM suppression for times as long as 8.6 E ͑Ͼ1 s͒ in similar discharges. 15 The global particle and power balance are not altered by the ELM suppression, as indicated by the similar evolution of the plasma density and gas fueling ͓Fig. 2͑c͔͒, and of the plasma stored energy ͓Fig. 2͑d͔͒ in these two discharges. These results suggest that the impulsive transport from the large type I ELMs has been replaced by another less impulsive transport process. Also shown in Fig. 2͑e͒ is the electron pedestal pressure, which increases about 20% during the I-coil pulse. This is important for maintaining a similar level of core plasma confinement. Comparison of ELM suppression and core confinement in identical discharges with ͑115467, black͒ and without ͑115468, gray͒ an n = 3 odd parity tor =0°I-coil pulse of 4.4 kA: D ␣ recycling in the lower divertor for ͑a͒ an I-coil current= 4.4 kA from 3000 to 4400 ms ͑shaded͒ and ͑b͒ an identical reference discharge with I-coil current= 0 kA. The plasma density and gas feed ͑c͒ and the plasma stored energy ͑d͒ for the ELM suppression discharge ͑black͒ and the I-coil off reference discharge ͑gray͒. ͑e͒ The electron pedestal pressure during the I-coil pulse ͑black͒ relative to the I-coil off reference ͑gray͒.
An expanded view of the onset of ELM suppression in discharge 115467 at 3000 ms is shown in Fig. 3 . The ELM suppression evident in the lower divertor recycling ͓Fig. 2͑a͒ versus Fig. 2͑b͔͒ is global and readily apparent on all recycling measurements ͑outer midplane ͓Fig. 3͑a͔͒, lower ͓Fig. 3͑b͔͒ and upper ͓Fig. 3͑c͔͒ divertor, and inner wall/centerpost ͑not shown͒͒. The ELM suppression is also seen in the particle flux to the primary lower divertor measured by Langmuir probes in the divertor tiles ͓Fig. 3͑d͔͒ and in the variation of the surface temperature T surf of the divertor target near the outer strike point measured by an infrared camera in fast ͑100 s͒ line scan mode ͓Fig. 3͑e͔͒. These measurements are distributed both poloidally and toroidally around the machine, indicating that the suppression is indeed global. The ELMs are suppressed within one ELM cycle ͑about 16 ms͒ of turning on the I coil at 3000 ms. The first isolated ELM at 3245 ms is seen on all these diagnostics to have comparable magnitude and duration as the ELMs before the I-coil pulse, suggesting that the discharge has not simply integrated the stored energy and particle content that would have been lost during the ELMs, but that ELM-induced transport has been replaced by another transport process which is seen in Fig. 3 as an increase in broadband magnetic field ͓Fig. 3͑f͔͒ and recycling fluctuations modulated by a 130 Hz oscillation most apparent in the upper divertor D ␣ trace ͓Fig. 3͑c͔͒.
The principal concern for next-step burning plasma devices such as ITER is the reduction of the impulsive heat flux to the divertor target plates. 2, 5 To quantify the change in the ELM-induced heat impulses to the target plate, radial profiles of the surface temperature were acquired by an infrared camera in fast line scan mode ͑1 profile/ 100 s͒. For 18 ELMs with the I-coil off and 18 D ␣ oscillations with the I coil on in a discharge similar to 115467, T surf was averaged at the time of the peak T surf value at the divertor plate. The timeaveraged signal was then subtracted to obtain the T surf profile due to the impulsive power loading to the lower divertor caused by the type I ELMs ͑I-coil off͒ versus the D ␣ oscillations ͑I-coil on͒. During the I-coil pulse, the T surf spikes are reduced below the noise level of the infrared camera, indicating that the divertor surface temperature rise due to the type I ELMs was reduced by at least a factor of 5 during the I-coil perturbation. 12, 15 Floor Langmuir probe measurements of the ion saturation current with a sampling rate of 40 s show a similar reduction in the impulsive particle flux ͑and hence convective heat flux͒ to the lower divertor by a factor of 8 during the I-coil perturbation. For both measurements, the suppression of the ELM impulses occurs across the divertor floor, indicating that the change results from a reduction in the power and particle impulses "upstream" in the pedestal, and not simply a spreading or redirection of the impulses to larger radii in the scrape-off layer ͑SOL͒. This conclusion is supported by analysis of the impulsive losses of plasma stored energy W MHD with and without the I-coil perturbation. The change in W MHD is obtained by equilibrium reconstruction with the Grad-Shafranov solver EFIT 19 in 0.5 ms time steps using fast magnetic probe data ͑Fig. 4͒. Typical W MHD drops at the ELMs ͑⌬W ELM ͒ are 5 -23 kJ, with an average loss ͗⌬W ELM ͘ = 14.1 kJ ͓Fig. 4͑b͔͒, compared with an average loss over a D ␣ oscillation ͗⌬W OSC ͘ = 5.5 kJ during the I-coil pulse ͓Fig. 4͑d͔͒. This factor of 2-3 drop in the stored energy loss, coupled with a four to five FIG. 3 . ͑Color online͒. Expanded view of the onset of ELM suppression at 3000 ms in discharge 115467 of Fig. 2 on various poloidally and toroidally distributed boundary diagnostics, including D ␣ recycling from the outboard midplane ͑a͒, the lower divertor ͑b͒, and the upper divertor ͑c͒; particle flux to the lower divertor strike point ͑d͒; surface temperature variation at the lower, outer strike point ͑e͒; and magnetic fluctuations from the plasma edge ͑f͒. The toroidal angle of the measurement is indicated in ͑a-e͒. times longer time scale for the loss ͑⌬t Ͻ 0.5 ms for the ELMs versus 2 -3 ms for the D ␣ oscillations͒, gives an impulse reduction ⌬W ELM / ⌬t 1/2 by a factor of 4-7.
IV. EFFECTS ON THE H-MODE PEDESTAL
Electron and ion profile measurements confirm that the ELM suppression results from a change in pedestal stability and not simply a redistribution of the power flow in the scrape-off layer. In Fig. 5 , we show the time evolution of the density ͓Fig. 5͑b͒ and 5͑c͔͒ and temperature ͓Fig. 5͑d͒ and 5͑e͔͒ of carbon VI ͑CVI͒ ions in the H-mode pedestal measured with charge exchange recombination spectroscopy ͑CER͒ with 0.5 ms integration time. For the pedestal conditions in these plasmas, the carbon VI ion temperature is well equilibrated with the deuterium working ions. During the ELMing phase, the pedestal shows primarily density drops at the ELMs, indicating that the ELM energy loss is primarily due to convection rather than conduction. The density drops associated with the ELMs are suppressed within a single ELM cycle after the turn-on of the I-coil perturbation at 3000 ms. In contrast, the less regular T i drops are relatively unaffected by the I-coil pulse. Electron density n e and temperature T e profiles, obtained by conditionally averaging the Thomson scattering profiles over the ELM cycle, show similar results. Prior to the I-coil perturbation, the ELMs consist nearly entirely of n e drops, with little discernible change in the pedestal T e profile. After the I coil is turned on, the large ELMs are suppressed, and the ELM-induced drops in the pedestal n e are suppressed. At lower edge densities and collisionalities where the ELMs are more regular, with large density and temperature drops, we routinely modify the ELMs ͑change the amplitude and frequency͒ with the I-coil perturbation, but have not yet obtained the global suppression of the ELMs seen at higher densities and collisionalities. While this result suggests that the I-coil perturbation is most effective at suppressing the convective losses associated with ELMs, more experimental time is needed to optimize the ELM suppression at lower densities where the ELM loss includes a significant conduction channel.
In order to investigate how the I-coil perturbation alters the pedestal stability, the plasma transport code ONETWO 20 was used for a discharge ͑119854͒ similar to 115467 but with more frequent isolated ELMs ͑every 64 ms on average͒ during the I-coil pulse to calculate the evolution of the total pressure profile P TOTAL PED ͑electron+ ion+ beam͒ and toroidal plasma current ͗J T ͘ over a representative large ELM cycle, including a correction for the measured Z eff . The electron and ion profiles ͑from Thomson scattering and CER, respectively͒ were conditionally sampled using the amplitude of each ELM from a midplane D ␣ signal to bin the profiles by phase within the ELM cycle ͑e.g., D ␣ amplitude at profile time= ͑0% -10%͒ , ͑10% -30% ͒ , ͑30% -60% ͒, etc., of the peak D ␣ amplitude during each ELM͒. These individual profiles for each phase were conditionally averaged to provide the total pressure profile evolution over a representative ELM cycle without and with the I coil. The average time between ELMs for this discharge was 13 ms with the I-coil off, increasing to 64 ms with the I-coil on. The resulting profiles were then parametrized using a modified hyperbolic tangent fitting routine that combines a hyperbolic tangent and a linear ramp. 21 The time evolution of the total pedestal pressure P TOTAL PED and the toroidal current density ͗J T ͘ normalized to I p / area, where I p is the measured plasma current and area is the total cross-sectional area of the discharge at the top of the H-mode pedestal is shown in Fig. 6͑a͒ . ͗J T ͘ is the peak of the total current density profile ͑ohmic+ bootstrap+ Pfirsch-Schlüter͒ evaluated in ONETWO near the peak of the pressure gradient in the pedestal using the Sauter model for the bootstrap current. 22 The ͗J T ͘ peak is generally shifted a small distance inward radially from the location of the maximum pressure gradient due to the effect of collisionality. Both P TOTAL PED and ͗J T ͘ / I p / area drop to similar levels just after a large ELM with and without the I-coil perturbation, but reach somewhat higher levels just before the ELM when the I coil is on. However, the most dramatic difference in the profile evolution is the increase in the time between successive large ELMs during the I-coil pulse relative to before the I-coil pulse: ELM Ϸ 13 ms ͑I-coil off͒ and ELM Ϸ 64 ms ͑I-coil on͒. The gradient in the total pedestal pressure, dP TOTAL PED / dR, changes over a similar range with and without the I coil, although the recovery of the gradient to the critical value is significantly slowed during the I-coil pulse by increased transport ͓Fig. 6͑b͔͒.
V. ENHANCED RADIAL TRANSPORT AND FLUCTUATIONS
An obvious choice for the origin of the increased steadystate radial transport is the effective radial transport enhancement due to the stochastic edge magnetic field. For the best ELM suppression cases to date, corresponding to an n =3 odd parity, tor = 0°perturbation with q 95 = 3.8, however, the equilibrium pedestal profiles ͑Fig. 7͒ do not show evidence of flattening just inside the unperturbed separatrix that would be expected for strong stochasticity in this region for either the electron ͓Figs. 7͑a͒ and 7͑b͒ solid lines͔ or ion channels ͓Figs. 7͑c͒ and 7͑d͒ solid lines͔. In addition, the H-mode radial electric field E r well is maintained during the I-coil pulse ͓Fig. 7͑e͒ solid line͔. The lack of clear profile flattening is consistent with TRIP3D modeling that indicates that this perturbation at a q 95 = 3.7-3.8 corresponds to a minimum in the stochasticity induced in the boundary.
An alternative choice for the origin of the enhanced radial transport during the I-coil perturbation is an increase in the MHD activity and recycling that typically precede the large type I ELMs in these discharges without the I-coil pulse ͓Fig. 8͑a͔͒. This behavior is most clearly seen in discharge 119854 which has higher I p and a larger number of isolated type I ELMs during the I-coil pulse. Both the type I ELMs and the small ELM-like events have bursts of magnetic fluctuations, but the amplitude of these fluctuations is much smaller for the small ELM-like events ͓Fig. 8͑b͔͒ when the I coil is off. These events are often, but not always, reminiscent of type II ELMs. 23 Before the I-coil pulse, the soft x-ray ͑SXR͒ emissivity in the pedestal decreases about 50% at the type I ELMs, but there is little change to the SXR emissivity from the small events ͓Fig. 8͑c͔͒. In contrast, FIG. 9 . ͑Color online͒. Radial profiles of the change in SXR emissivity in discharge 119854 during a type I ELM with the I-coil off ͑open circles͒, an isolated type I ELM with the I-coil on ͑filled squares͒, and a small ͑type II͒ ELM with the I-coil on ͑open squares͒. FIG. 7 . ͑Color online͒. Equilibrium pedestal profiles of ͑a͒ electron density n e , ͑b͒ electron temperature T e , ͑c͒ carbon VI ion pressure P CVI , ͑d͒ ion temperature T i , and ͑e͒ radial electric field E r at 3300 ms in the I-coil off reference discharge 115468 ͑open circles͒; in the tor =0°I-coil discharge 115467 ͑filled squares͒, and in the tor = 60°I-coil discharge ͑filled triangles͒. when the I coil is turned on, there is a large increase in the amplitude of the small ELM-like events seen in D ␣ ͓Fig. 8͑d͔͒, the magnetic fluctuations ͓Fig. 8͑e͔͒, and the SXR emissivity ͓Fig. 8͑f͔͒. The radial extent of the SXR emissivity change ⌬SXR/ SXR due to the type I ELMs is similar with the I-coil off and on. During the I-coil pulse, the SXR perturbation from the small ELM-like events is more radially localized than for the type I ELMs ͑Fig. 9͒.
The change in the small ELM-like events in the primary divertor near the strike point is shown in Fig. 10͑a͒ for a single large ELM prior to the I-coil pulse and for one cycle of the D ␣ oscillation ͑one group of small events͒ during the I-coil pulse, where the elapsed time= 12 ms and the absolute magnitude are the same for both traces. In Fig. 10͑b͒ , the D ␣ trace during the oscillation with the I-coil on is magnified 6ϫ, showing the short ͑1-2 ms͒ quiet interval and much longer 6 -7 ms active interval consisting of a burst of small 
056119-7
Edge localized mode control… Phys. Plasmas 12, 056119 ͑2005͒
ELM-like activity. In contrast, the type I ELM cycle with the I-coil off ͓Fig. 10͑a͔͒ consists of a 1.5-2.0 ms active interval and 9 ms quiet interval. The fluctuations in the pedestal n e profile during these intervals, as measured by profile reflectometry, 24 are shown in Fig. 10͑c͒ for the I-coil off and in Fig. 10͑d͒ for the I-coil on. The pedestal n e profile is represented by the time dependence of the major radius of contours of constant density. From Fig. 10 , the pedestal profiles are similar during the quiet phase of both the large ELMs and the D ␣ oscillations. Type I ELMs transiently decrease the pedestal density gradient, as indicated by spreading of the density contours ͓Fig. 10͑c͔͒. In contrast, during the active phase of the D ␣ oscillation ͓Fig. 10͑d͔͒, the density contours spread less, indicating that the small events decrease the pedestal gradient less than the type I ELMs without the I-coil pulse, but the gradient is reduced for a longer period of time than in the case of the type I ELMs. In effect, the I-coil perturbation has altered the pedestal dynamical state by changing the "duty cycle" of high radial transport from 2 of 11 ms in the case of large ELMs without the I coil to 7 of 9 ms during the D ␣ oscillation with the I-coil on, providing a more steady-state radial transport than the type I ELMs.
This "filling in" of the quiet intervals between large ELMs is also seen in the magnetic fluctuations from the edge region ͑Fig. 11͒. In Fig. 11͑a͒ , the time history of the edge magnetic fluctuations for discharge 115467 shows this filling in after 3000 ms ͑I-coil turn-on time͒ of the quiet intervals between the broadband bursts that occur on the leading edge of each large ELM crash before 3000 ms. The overall increase in the magnetic fluctuation amplitude when the I coil is turned on is shown in Fig. 11͑b͒ for the total amplitude and for the amplitude of the 50 kHz band ͑the Nyquist frequency f N ͒. The increase in the 50 kHz band indicates that fluctuation amplitudes increase at frequencies beyond the bandwidth of the diagnostic. This change is evident in the autopower spectra corresponding to the shaded intervals in Figs. 11͑a͒ and 11͑b͒ with and without the I-coil pulse. During the I-coil pulse, the power in the edge magnetic fluctuations increases broadband up to and beyond f N = 50 kHz ͓Fig. 11͑c͔͒. Fourier analysis of two high frequency magnetic coils toroidally separated on the outboard midplane indicates that this increase in magnetic fluctuations is localized to modes propagating in the direction counter to I p and the neutral beam momentum input. These modes can be localized to the pedestal where the toroidal rotation velocity reverses during the I-coil pulse. 12 The higher frequency response of these coils allows us to determine that the increase in fluctuation levels extends to 75-90 kHz.
Density fluctuations in the edge without the I-coil pulse measured by homodyne reflectometry consist of broadband bursts ͑orange and yellow͒ during the type I ELMs alternating with quiet intervals ͑blue bands͒ correlated with the low D ␣ levels ͑Fig. 12͒. A striking feature of the ñ e measurements is the similar qualitative features when the I-coil pulse is off and on, except that during the I-coil pulse, the discharge appears to have more rapid ELMs. These measurements are in the steep gradient region of the pedestal, away from the top of the pedestal where one would see the smaller radial extent of the perturbations from the small events comprising the D ␣ oscillation ͓e.g., as seen in the SXR emissivity ͑Fig. 9͔͒. Measurements with beam emission spectroscopy 25 confirm that the radial extent of the ELM-induced modulation of the density is more localized to the separatrix during the I-coil pulse, extending a shorter distance in toward the plasma core and a shorter distance out into the SOL.
VI. DEPENDENCE OF ELM SUPPRESSION ON q 95
In order to demonstrate that the ELM suppression was the result of a resonant interaction with the I-coil perturbation, the plasma current was ramped during the I-coil pulse in a series of discharges to determine the optimum range of q 95 for ELM suppression. 15 ELM suppression displays a resonant character as expected, with suppression limited to a narrow range in edge safety factor 3.4Ͻ q 95 Ͻ 4.0.
TRIP3D modeling of the magnetic field topology indicates that the n = 3 perturbation produces a stochastic layer inside the separatrix of width ⌬ slw which is characterized by ͑1͒ stochastic magnetic field lines which wander radially across the unperturbed flux surfaces without crossing the magnetic separatrix, ͑2͒ field lines which lie in remnant islands of closed flux surfaces on the q = ͑9,3͒, ͑10,3͒, and ͑12,3͒ surfaces, and ͑3͒ a narrow layer of width ⌬ fl just inside the separatrix in which the stochastic field lines cross the separatrix and hit material surfaces, which we refer to as the "flux loss region" ͑Fig. 13͒.
As q 95 is changed, TRIP3D modeling indicates that the width of the flux loss region and the size and shape of remnant islands in the pedestal change. At the lower limit of the FIG. 13 . ͑Color online͒. Poincaré plots in the ͑ N , ͒ plane of the magnetic field topology in the pedestal of DIII-D discharge 115467 with ͑a͒ the measured error fields ͑Ref. 25͒ and ͑b͒ the measured error fields and the n =3, odd parity, tor =0°I-coil perturbation with 4.4 kA. The width of the stochastic layer is indicated by ⌬ slw . In ͑a͒ the black points highlight remnant islands on the q = 3 and q = 4 surfaces and the large "ϩ" indicate the innermost field line which is lost across the separatrix ͑dashed line͒, defining the width of the stochastic flux loss region, ⌬ fl . In ͑b͒ the black points highlight remnant islands at the q =3, q = 10/ 3, and q = 4 surfaces. The large ϩ indicates the innnermost field line lost across the separatrix.
ELM suppression window, q 95 Ϸ 3.4, the interaction of the ͑10,3͒ and ͑12,3͒ island chains created by the I-coil perturbation with the magnetic separatrix creates a relatively broad stochastic flux loss region of 6% in normalized poloidal flux. At the upper limit of the ELM suppression window, q 95 Ϸ 4.0, this stochastic flux loss region is 3% wide. The best ELM suppression has been obtained at q 95 Ϸ 3.7, corresponding to the minimum width of the stochastic flux loss region of 2%, and the ͑9,3͒ and ͑10,3͒ remnant islands located near the top of the H-mode pedestal. These results indicate that the best ELM suppression is obtained for the minimum stochastic field ͑neglecting the plasma response͒, and therefore may be linked to the location of the remnant islands in the pedestal. An alternative interpretation is that, in ELMing H modes where the pedestal pressure and current profiles are near marginal stability for the peeling-ballooning modes associated with ELMs, significant amplification of the I-coil perturbation may occur. 18 Present numerical models are inadequate to test such a prediction in a self-consistent calculation including the plasma response to the I-coil perturbation.
VII. DEPENDENCE ON TOROIDAL ANGLE OF THE APPLIED PERTURBATION
The q dependence of the ELM suppression indicates that the remnant islands formed by interaction between the error fields and the applied I-coil perturbation can alter the pedestal behavior. The topology of the magnetic field in the H-mode pedestal region is compared in Fig. 13 for the measured error fields in DIII-D ͓Fig. 13͑a͔͒ and the combination of the measured error fields and the n = 3, odd parity, tor =0°I-coil perturbation at 4.4 kA ͓Fig. 13͑b͔͒. The measured error fields 26 produce thin, small-scale, high k remnant island chains at the q = 3 and q = 4 surfaces that are distorted by higher harmonics. The addition of the n =3 I-coil perturbation broadens the remnant islands on the q = 3 and q = 4 surfaces, and drives a new island chain on the q = 10/ 3 surface for an applied toroidal phase tor = 0°. This response depends upon the toroidal phase of the I-coil perturbation because the error fields make the "target" plasma nonaxisymmetric.
The dependence of the plasma response on tor has been demonstrated in a series of discharges identical to 115467 except for an I-coil perturbation with tor = 60°. Significant ELM modification in the lower divertor ͓Fig. 14͑a͒ versus the I-coil reference discharge in Fig. 14͑b͔͒ occurs, although more type I ELMs remain than in the tor = 0°case ͓Fig. 2͑a͒ and 2͑b͔͒. In contrast to the tor = 0°case where the type I ELMs are also suppressed on the outboard midplane, the midplane recycling increases until individual ELMs are no longer discernable ͓Fig. 14͑c͔͒. As for the tor = 0°case, core confinement is essentially unchanged ͓Fig. 14͑f͔͒.
An expanded view of the ELM modification with an I-coil perturbation with tor = 60°is shown in Fig. 15 . The ELM frequency and amplitude in the lower ͓Fig. 15͑b͔͒ and upper ͓Fig. 15͑c͔͒ divertors are each reduced by a factor 2-3. Similar changes to the frequency and amplitude of particle flux ͓Fig. 15͑d͔͒ and surface temperature ͓Fig. 15͑e͔͒ spikes are seen in the lower divertor. On the outer midplane, the overall D ␣ recycling level is strongly enhanced, with the base line level between ELMs before the I-coil pulse rising when the I-coil is turned on to "bury" the ELMs ͓Fig. 15͑a͔͒, a behavior that is reminiscent of the D ␣ behavior in EDA H mode seen in Alcator C-Mod. 11 The change in D ␣ response when the toroidal phase is changed suggests that at least some of the variation in ELM behavior in a given device or between devices may be related to intrinsic error fields.
The response of the edge plasma profiles also differs from the tor = 0°case, as shown by the filled triangles and FIG. 14. ͑Color online͒. Comparison of ELM modification and core confinement in identical discharges with ͑115470, black͒ and without ͑115468, gray͒ an n = 3 odd parity tor = 60°I-coil pulse of 4.4 kA: D ␣ recycling in the lower divertor for ͑a͒ an I-coil current= 4.4 kA from 3000 to 4400 ms ͑shaded͒ and ͑b͒ an identical reference discharge ͑115468͒ with I-coil current= 0 kA. ͑c͒ D ␣ recycling on the outer midplane for an I-coil current= 4.4 kA. The plasma density and gas feed ͑d͒ and the plasma stored energy ͑e͒ with ͑black͒ and without the I-coil perturbation ͑gray͒. ͑e͒ The electron pedestal pressure with ͑black͒ and without ͑gray͒ the I-coil pulse. FIG. 15 . ͑Color online͒. Expanded view of the onset of ELM modification at 3000 ms in discharge 115470 of Fig. 14 , on poloidally and toroidally distributed boundary diagnostics, including D ␣ recycling from ͑a͒ the outboard midplane, ͑b͒ the lower divertor, and ͑c͒ the upper divertor; ͑d͒ particle flux to the lower divertor strike point; ͑e͒ surface temperature variation at the lower, outer strike point, and ͑f͒ magnetic fluctuations from the plasma edge.
dashed lines in Fig. 7. The n e ͓Fig. 7͑a͔͒, T e ͓Fig. 7͑b͔͒, and P CVI ͓Fig. 7͑c͔͒ profiles all drop in the outer pedestal for radii N Ͼ 0.9. In addition, the H-mode E r well ͓Fig. 7͑e͔͒ shifts in by 5% in N ͑filled triangles and dashed line͒ relative to the tor = 0°case ͑filled squares and solid line͒. These profile changes, and the enhanced recycling at the outboard midplane are more consistent with formation of a significant stochastic layer when the n =3 I-coil perturbation is applied with a tor = 60°.
VIII. DISCUSSION AND CONCLUSIONS
The requirement to mitigate the heat flux impulses from large ELMs in ITER has motivated a number of different experiments aimed at achieving ELM-free H-mode operation ͑such as EDA H mode and QH mode͒, or at controlling the impulse loading due to the ELMs with either pellets or external magnetic perturbations. Because the MHD stability of the modes associated with ELMs is determined by the pressure and current profiles in the outer portion of the H-mode pedestal, the use of external magnetic perturbations to enhance radial transport by forming a stochastic layer just inside the unperturbed separatrix is a logical choice. 17 The enhancement of radial transport by the stochastic layer can be used to actively control the edge MHD stability by altering the pedestal pressure and current profiles, provided the coils have a mode spectrum which resonates in the edge without significantly perturbing the plasma core. Since the region of interest where the pedestal pressure and current gradients determine the ELM stability is only the last few percent in normalized poloidal flux inside the separatrix, even the relatively weak stochastic flux loss layers generated in these experiments could significantly alter ELM stability. The DIII-D I coil, although not designed for pedestal and ELM control, can provide an edge resonant perturbation with a toroidal mode number n = 3 that only weakly perturbs core resonances.
Using the I-coil with an n = 3 perturbation of 0.02% of the equilibrium magnetic field, we have examined two distinct ELM suppression regimes using 0°and 60°toroidal phases. For tor = 0°, large type I ELMs are suppressed for up to 8.6 E without degrading core plasma confinement. The remaining isolated ELMs have similar amplitude and time scales to the ELMs prior to the I-coil pulse. Suppression of the ELM impulses is due to a change in the pedestal stability, not just a redistribution of the ELM power and particle impulses in the SOL, as indicated by suppression of the pedestal density drops associated with the ELMs. The impulsive transport by the ELMs is replaced by an increase in small amplitude, radially narrow events with increased magnetic and density fluctuations which appear on some boundary diagnostics as rapid, small ELMs, perhaps type II ELMs. These events have a duty cycle of short "quiet" intervals of low fluctuations and transport and long "active" intervals of high fluctuations and transport, compared to the pre-I-coil ELM duty cycle which has short active intervals of high transport and long quiet intervals of low transport. This increased instability of small events fills in the duty cycle of transport, providing a less impulsive heat transport to the divertor target and slowing the recovery of the edge pedestal profiles to the marginally stable values for type I ELMs. Limited peeling-ballooning mode linear stability analysis with the ELITE code 27 to date suggests that this delay in the recovery of the pedestal profiles to the marginally stable state is the principal effect of the I-coil perturbation. The growth rates and the primary toroidal mode numbers that become unstable just before the large ELMs are similar for ELMs without the I coil and for the isolated ELMs that survive during the I-coil pulse.
Prior to the I-coil perturbation, the ELMs in these discharges consist nearly entirely of density drops, with little discernible change in the pedestal T i and T e profiles. After the I coil is turned on, the large ELMs are suppressed, and the ELM-induced drops in the pedestal density are suppressed. At lower edge densities and collisionalities where the ELMs have large density and temperature drops, we routinely modify the ELMs ͑change the amplitude and frequency͒ with the I-coil perturbation, but have not yet obtained the global suppression of the ELMs seen at higher densities and collisionalities. While this result suggests that the I-coil perturbation is most effective at suppressing the convective losses associated with ELMs, more experimental time is needed to optimize the ELM suppression at lower densities where the ELM loss includes a significant conduction component.
The ELM suppression is resonant, occurring for 3.4 Ͻ q 95 Ͻ 4.0. TRIP3D modeling using the measured error fields indicates that this q 95 range corresponds to a minimum stochasticity for the tor = 0°phase, and to the ͑9,3͒ and ͑10,3͒ remnant islands lying near the top of the pedestal, subject to neglecting the plasma response. In this regime, the pedestal profiles show little evidence of a stochastic layer, consistent with the TRIP3D modeling. For tor = 60°, the ELMs are still significantly reduced, and the plasma response is more consistent with a stochastic layer, even though the TRIP3D model predicts that this perturbation should induce less stochasticity than the tor = 0°case. This discrepancy between experimental measurements and modeling indicates that either there are sources of error fields that are not accounted for in the TRIP3D model, 28 and/or that the plasma response, which cannot be modeled by a field line integration code like TRIP3D alone, significantly alters the response. The variation of both the plasma pedestal profiles and the ELM behavior when tor is shifted 60°for an n = 3 perturbation of similar magnitude to the measured error fields further indicates that at least some of the variation in ELM behavior in a given device or between different devices may be due to the error fields in each device.
It is important to note that even for the tor = 60°case, the large type I ELMs were still significantly modified by the I-coil perturbation. In addition, the same increase in small scale, type II ELM-like activity is seen in these discharges. The ELM suppression can therefore most likely be further optimized at this toroidal phasing. The I coils were not designed for ELM control, and provide a relatively weak perturbing field in the boundary for the maximum I-coil current available to date ͑4.4 kA͒. Future experiments will explore the ELM modification/suppression at increased perturbation field amplitude. This current should allow a strong stochastic layer to be formed for either tor , and will allow us to explore the relative importance of the remnant islands at the top of the H-mode pedestal and the stochastic flux loss layer at the foot of the pedestal on the effectiveness of the ELM suppression.
These results suggest an exciting possibility for controlling ELMs in next-step burning plasma devices such as ITER. The suppression is reproducible over a range of plasma shapes provided they have the appropriate resonant q͑3.4ഛ q 95 ഛ 4.0͒. The level of perturbing field required is small, only 1 part in 5000 on the resonant surfaces in the pedestal. This field produces a substantial reduction to the impulsive load to the divertor while maintaining the core confinement and pedestal pressure. However, to date ELM suppression has only been obtained for collisionalities 0.38 Ͻ * Ͻ 0.8 which are relatively high compared to ITER ͑ ITER * Ϸ 0.06͒. As collisionality is lowered ͑e.g., by pumping͒, the size and radial extent of the type I ELM, ⌬W ELM / W PED increase. The broader radial extent of the ELM will require a larger I-coil perturbation ␦b r / B T . A larger perturbing field will also make separating the effects of the intrinsic error fields and the applied perturbation easier. Extrapolating ELM suppression to ITER conditions requires additional experimental time to optimize the I-coil current and configuration ͑e.g., tor and parity͒, and to determine the underlying physics. It is likely, however, that a model of the ELM suppression that can be extrapolated with confidence to ITER H-mode pedestal conditions will require not only additional experimental results, but improved models for calculating the self-consistent plasma response to edge resonant magnetic perturbations in poloidally diverted tokamaks. These computational models will need to include both the relevant MHD stability and the stochasticity-enhanced radial transport. While development of a fully self-consistent model of the plasma equilibrium, stability and transport in the 3D boundary created by the edge resonant magnetic perturbation is a daunting task, the payoff lies in an increased understanding of the interplay among the plasma physics elements governing the H-mode pedestal. This understanding will aid future devices, whether or not the use of edge resonant perturbations to control ELMs scales successfully to ITER.
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